Abbreviations used in this paper: Dlg, discs large; MT, microtubule; NRK, normal rat kidney; n-Syb, n-synaptobrevin; RE, recycling endosomes; Syt, synaptotagmin; WT, wild type.

Introduction
============

During the last several years, studies from a variety of systems have revealed that membrane trafficking events play an important role during animal cytokinesis ([@bib64]; [@bib3]; [@bib45]). For example, disrupting exocytic, endocytic, or recycling pathways by drug inhibition or mutations often causes abnormal regression of cleavage furrows ([@bib58]). Likewise, proteins involved in vesicle transport, such as Syntaxin, are localized to furrows and necessary for furrow ingression ([@bib6]; [@bib21]; [@bib58]). In addition, three comprehensive RNAi screens in *Caenorhabditis elegans* and *D. melanogaster* S2 cells have each identified a significant number of membrane trafficking genes necessary for cytokinesis ([@bib15]; [@bib16]; [@bib61]). Considering that three independent screens in different systems all identified membrane trafficking genes highlights the general importance of this process in animal cytokinesis.

In dividing cells, actin accumulation to furrows is thought to occur early during cytokinesis, yet little is known mechanistically about how actin is recruited. In mammalian cell culture, it has been reported that cortical actin filaments from polar regions are redistributed to the equatorial cell cortex during early anaphase ([@bib8]). In contrast, other studies suggest that actin and membrane delivery to furrows is coordinated through a membrane trafficking pathway. In the early *D. melanogaster* embryo, mutations in *nuf* and *rab11* cause disorganized recycling endosomes (RE), which compromise both membrane and actin organization at furrows ([@bib57]; [@bib56]). Similarly, in *C. elegans* and mammalian cell culture, Rab11 activity and a functional RE are required during late cytokinesis stages, which is consistent with a role for the recycling pathway in vesicle-based membrane and actin delivery to furrows ([@bib60]; [@bib72]). Other studies have provided evidence linking plasma membrane composition to actin reorganization during cytokinesis. In several systems, the lipid phosphatidylinositol has been shown to coordinate plasma membrane and F-actin organization at the cleavage furrow ([@bib41]). Also, membrane delivery has been linked to actin organization at the furrow. In *D. melanogaster* embryos, disrupting a core regulator of vesicle fusion, Syntaxin1, disrupts actin reorganization during furrow formation ([@bib6]).

The central spindle plays a prominent role in the proper formation and ingression of cleavage furrows in most animals (for reviews see [@bib26]; [@bib11]). Its assembly requires a conserved centralspindlin complex, consisting of MKLP1 kinesin and RacGAP. Loss of either component causes a partial to complete loss of central spindle formation and a subsequent failure in cleavage furrow formation (*D. melanogaster*) or ingression (*C. elegans* and mammals). RacGAP and Rho-specific guanine nucleotide exchange factor activity at the central spindle is thought to provide a signal for RhoA-mediated F-actin reorganization and contractile ring assembly at the furrow, subsequently stimulating ingression (for review see [@bib11]). It is likely that a variety of proteins at the central spindle contribute to multiple aspects of cytokinesis, although relatively few furrow-promoting proteins have been analyzed. A recent mass spectrometry screen to characterize central spindle components found four main protein categories: secretory and membrane associated (33%), actin associated (29%), microtubule (MT) associated (11%), and kinases (11%; [@bib61]). Our current knowledge indicates that central spindle function likely involves both direct signaling to the cleavage furrow and regulation of membrane traffic events, although the emphasis placed upon specific roles varies among organisms. In this paper, we present evidence for a model in which F-actin--associated vesicles rely on the central spindle and specialized furrow MTs for transport to the cleavage furrow.

Results
=======

To study the roles of furrow MTs, the central spindle, and membrane traffic in cytokinesis, we have used the first conventional division immediately after cellularization in *D. melanogaster* embryos ([@bib22]). After cellularization, cycle 14 cells form mitotic domains, which are clusters of cells united by locally synchronous mitosis ([Fig. 1 A](#fig1){ref-type="fig"}, box). Cells have a large size and divide at the surface of the embryo, making high-resolution live fluorescent analysis straightforward ([Fig. 1 B](#fig1){ref-type="fig"}). Within each cluster, mitosis begins with a single cell and then spreads across neighboring cells to the domain boundary ([Fig. 1 C](#fig1){ref-type="fig"}). GFP fusion proteins can be used to monitor cleavage furrow morphology and ingression as well as membrane trafficking components. For example, discs large (Dlg) is a cortical scaffolding protein ([@bib5]) and Dlg-GFP shows uniform cortical localization throughout the cell cycle ([Fig. 1 C](#fig1){ref-type="fig"}) and cytokinesis ([Fig. 1 D](#fig1){ref-type="fig"}). The majority of images in this study were obtained using GFP fusion proteins and rhodamine-labeled tubulin or actin (see Materials and methods).

![**Live imaging of cycle 14 mitotic domains.** (A) Tubulin-GFP. Dividing cells are clustered in mitotic domains (box). (B) Magnification of box in A. (C) Dlg-GFP. Cells within a mitotic domain enter mitosis as a cluster and divide in a characteristic order. (D) Dlg-GFP is uniform cortical during cytokinesis. Bars: (A) 10 μm; (B--D) 5 μm.](jcb1810777f01){#fig1}

GFP-tagged vesicles are targeted to cleavage furrows
----------------------------------------------------

To visualize vesicle transport in dividing cells, two Gal4-driven GFP-tagged vesicle markers were expressed: synaptotagmin (Syt) and n-synaptobrevin (n-Syb; [@bib74]). Syt and n-Syb are integral synaptic vesicle proteins. Syt functions in Ca^2+^-mediated exocytosis at nerve terminals ([@bib69]), whereas n-Syb is a neuron-specific V-SNARE ([@bib13]). Syt-GFP and n-Syb--GFP have both been shown to label synaptic vesicles ([@bib18]; [@bib74]). In this paper, we use Syt-GFP and n-Syb--GFP as new markers for vesicular structures in dividing cells. During cycle 14, both Syt-GFP and n-Syb--GFP were localized to punctate structures throughout all cells examined. From interphase to anaphase, Syt-GFP showed a uniform distribution at the plasma membrane as well as cytoplasmic puncta (unpublished data). Midway through cleavage furrow invagination, GFP-tagged puncta were seen at the cell equator and strongly enriched at furrows, which persisted several minutes after scission ([Fig. 2 A](#fig2){ref-type="fig"}, arrowheads and arrows; and Video 1, available at <http://www.jcb.org/cgi/content/full/jcb.200803096/DC1>). In particular, individual puncta were seen moving toward, and embedding into, the furrow ([Fig. 2 A](#fig2){ref-type="fig"}, arrows). Similarly, n-Syb--GFP--labeled vesicles showed strong enrichment at mid-to-late stages of furrow ingression ([Fig. 2 B](#fig2){ref-type="fig"}, arrowhead), indicating that vesicle enrichment is not peculiar to the Syt-GFP marker. In addition to cycle 14 cells, this localization pattern is common for a variety of dividing cell types, including epithelia and neuroblast cells during later embryonic stages (Fig. S1, available at <http://www.jcb.org/cgi/content/full/jcb.200803096/DC1>). Therefore, given the punctate labeling and dynamic behavior shown in dividing cells, these puncta are regarded as representing vesicles from an as yet unidentified source.

![**Vesicles and membrane are targeted to furrows during cytokinesis in cycle 14 cells.** All images are from living embryos. (A) Syt-GFP--labeled vesicles. Arrows indicate a single vesicle. Arrowheads indicate other vesicles moving toward the furrow. Time points (s) are shown at the top left of each panel. For the full video, see Video 1, available at <http://www.jcb.org/cgi/content/full/jcb.200803096/DC1>. (B) n-Syb--GFP--labeled vesicles show strong furrow enrichment at cytokinesis (arrowhead). (C) Dah-GFP vesicles show cytoplasmic puncta at the cell equator and furrow enrichment at cytokinesis (arrows). (D) The general membrane dye FM1-43 accumulates at the cell equator during cytokinesis. Arrows, cleavage plane. (E) Grasp-65-GFP--labeled Golgi do not accumulate at the cell equator at cytokinesis. Arrows, cleavage plane. Outline, cell cortex. (F) RhoA-GFP. (G) Percentage of vesicles localized to polar regions of the cell (outer) and to the middle of the cell (center). Cells were divided into thirds (inset). Vesicle localization was scored at cell stages indicated on the x axis. *n* = 92 (late metaphase), 74 (anaphase B), 96 (furrow initiation), 91 (elongation), or 100 (scission). Bars, 5 μm.](jcb1810777f02){#fig2}

The GFP signal increase at furrows could have two sources: GFP-tagged proteins at the plasma membrane may become concentrated at cleavage furrows during telophase and/or GFP-tagged vesicles in the cytoplasm may get targeted to furrows. Two observations indicate that a portion of the GFP enrichment at furrows is derived from vesicles. Monitoring individual Syt-GFP puncta showed movement toward ingressing furrows, where puncta subsequently became embedded into furrows ([Fig. 2 A](#fig2){ref-type="fig"}, arrows). Second, monitoring populations of Syt-GFP puncta demonstrates accumulation of puncta at the cell equator during mitosis, with a peak during furrow elongation ([Fig. 2 G](#fig2){ref-type="fig"}). Other GFP markers remained uniformly distributed along the cortex before and during cytokinesis ([Fig. 1 D](#fig1){ref-type="fig"}, Dlg-GFP). This indicates that increases in Syt- and n-Syb-GFP signal intensities at furrows is not merely caused by the combined fluorescence of multiple plasma membrane surfaces entering the same focal plane during late cytokinesis.

To further investigate if vesicle transport to furrows is a general process in dividing cells, we examined the distribution of the *D. melanogaster* dystrophin homologue Dah, a vesicle-associated component that is normally expressed during early embryogenesis ([@bib57]). During cytokinesis in cycle 14 cells, Dah-GFP--marked vesicles were observed near ingressing furrows and enriched at the furrow membrane ([Fig. 2 C](#fig2){ref-type="fig"}, arrows). We next monitored internal cell membranes during mitosis by injecting the general membrane dye FM1-43 ([Fig. 2 D](#fig2){ref-type="fig"}). During cytokinesis, membrane structures became enriched at the cell equator, supporting the idea that considerable membrane traffic is directed toward ingressing furrows. In contrast, Grasp65-labeled Golgi were randomly distributed during cytokinesis, indicating that not all types of vesicles are targeted to the cell equator ([Fig. 2 E](#fig2){ref-type="fig"}). Because Rho family proteins have been implicated in membrane traffic ([@bib55]), we examined the localization of RhoA, a known contractile ring component. RhoA-GFP showed strong enrichment at the leading furrow edge but showed no localization to cytoplasmic membrane structures ([Fig. 2 F](#fig2){ref-type="fig"}), demonstrating that not all furrow components are enriched through vesicle-based delivery. Collectively, the data indicate that a subset of vesicles is targeted to ingressing furrows during cytokinesis.

Cytoplasmic F-actin delivery to furrows occurs midway through furrow invagination
---------------------------------------------------------------------------------

During cell division, F-actin transport to furrows is thought to occur during early cytokinesis, yet the mechanism underlying actin recruitment to furrows remains unclear. One model proposes the redistribution of cortical actin filaments ([@bib8]), whereas a second model proposes vesicle-based actin delivery ([@bib56]). To investigate this further, F-actin localization was examined in fixed embryos. Phalloidin staining of cycle 14 interphase cells showed uniform cortical F-actin as well as F-actin puncta in the cytoplasm ([Fig. 3 A](#fig3){ref-type="fig"}, arrow). During early-to-mid cytokinesis stages, F-actin puncta became enriched at the cell equator near furrow MTs and the central spindle ([Fig. 3 B](#fig3){ref-type="fig"}). During mid-to-late cytokinesis, F-actin became highly enriched at furrows ([Fig. 3 B](#fig3){ref-type="fig"}). These results suggest that F-actin puncta become enriched at the furrow analogous to Syt, n-Syb, and Dah vesicle markers.

![**Actin puncta are targeted to ingressing furrows.** (A) Phalloidin in fixed embryos shows F-actin puncta in cycle 14 interphase cells (arrow). (B) F-actin puncta localize to the cell equator near furrow MTs (arrowheads) and the central spindle at cytokinesis (arrows). Merged images of F-actin (phalloidin; red) and MTs (α-Tub; green) are shown in the bottom panels. (C--J) Live series of cycle 14 telophase. Rhodamine-actin, red; Tub-GFP, green. Actin puncta accumulate near the central spindle (D, bracket). Arrowheads in C--F show an individual actin puncta moving alongside an MT bundle at the central spindle. Furrow MTs (G, arrowed bracket) align perpendicular to the cleavage plane. Its midpoint contacts the furrow tip (G, arrowhead). Actin puncta are visible near ends of furrow MTs (I, blue arrowhead) and accumulate at the contact point between the leading furrow edge and furrow MTs (G and I, white arrowheads). Arrow in I shows an actin puncta colocalized with the central spindle. Time points (s) are shown at the top right of each panel. For full video, see Video 2, available at <http://www.jcb.org/cgi/content/full/jcb.200803096/DC1>. Bars, 5 μm.](jcb1810777f03){#fig3}

To simultaneously monitor actin transport relative to the mitotic spindle, fluorescently labeled actin was injected into embryos expressing Tubulin-GFP. Live imaging revealed that actin puncta localize to and move alongside of midzone MTs during telophase ([Fig. 3, C--F](#fig3){ref-type="fig"}, arrowheads \[bracket in D marks midzone\]; and Video 2, available at <http://www.jcb.org/cgi/content/full/jcb.200803096/DC1>). Actin puncta accumulation at the cell equator continues through late telophase ([Fig. 3, G--J](#fig3){ref-type="fig"}), during which puncta colocalize with the central spindle ([Fig. 3 I](#fig3){ref-type="fig"}, arrow). In addition to central spindle MTs, distinct bundles of furrow MTs ([Fig. 3 G](#fig3){ref-type="fig"}, arrowed bracket) aligned perpendicular to the cleavage plane, with their midpoint contacting the leading furrow edge ([Fig. 3 G](#fig3){ref-type="fig"}, arrowhead; and see also [Fig. 6 O](#fig6){ref-type="fig"}). Actin puncta were observed near the distal region of furrow MTs ([Fig. 3 I](#fig3){ref-type="fig"}, blue arrowhead) and accumulated at the contact point between the leading furrow edge and furrow MTs ([Fig. 3, G and I](#fig3){ref-type="fig"}, white arrowheads), where they appeared to incorporate into the furrow. Subsequently, actin became highly enriched in furrows during the final stage of cytokinesis ([Fig. 3 J](#fig3){ref-type="fig"}). This suggests that delivery of actin puncta to the furrow relies on directed transport along MTs that is similar to vesicle-based transport.

Cytoplasmic actin delivery to furrows utilizes vesicles, central spindle, and furrow MTs
----------------------------------------------------------------------------------------

To further investigate the relationship between actin puncta and MT bundles, 3D imaging was performed in both fixed and living embryos. To maximize the resolution in the z plane, very thin sections (between 150 and 200 nm) were acquired. In fixed embryos, a population of actin puncta accumulated at the central spindle ([Fig. 4 A](#fig4){ref-type="fig"}) and was seen in close proximity to MT bundles in the xy plane ([Fig. 4, A--C](#fig4){ref-type="fig"}, arrow, arrowhead, and asterisk; and Video 3, available at <http://www.jcb.org/cgi/content/full/jcb.200803096/DC1>). Image stack rotations, showing the z plane, revealed actin puncta in very close proximity (often within ∼200 nm) to individual MT bundles of the central spindle and furrow MTs ([Fig. 4, D](#fig4){ref-type="fig"} \[arrowhead\], E \[asterisk and arrow\], and F \[arrow\]). Furthermore, 3D imaging in living embryos revealed colocalization between actin puncta and MT bundles adjacent to the ingressing furrow ([Fig. 4 I](#fig4){ref-type="fig"}). These puncta were distinct from the furrow ([Fig. 4 I](#fig4){ref-type="fig"}, arrowhead and arrows, respectively), remained localized at a central spindle bundle through telophase, and appeared to integrate with the furrow during mid to late cytokinesis ([Fig. 4 I](#fig4){ref-type="fig"}, 51″).

![**3D imaging of actin and vesicles.** Markers are shown to the left of panels. 3D perspective is indicated at the bottom right panel corners. (A--H) Phalloidin in fixed embryos. Arrows, arrowheads, and asterisks show individual actin puncta that correspond in each rotation (A--F). (G and H) Boxes show the region considered the central spindle for quantifications. (I) Live series of α-Tub and rhodamine-actin. Time points (s) are indicated at the bottom right of each panel. Images were cropped at the furrow (arrows) and rotated 45° to show xy and z planes. Arrowheads indicate actin puncta colocalized with MT bundle. Dotted bracket indicates central spindle. (J) Genotypes and markers are shown at the top right and cell number (*n*) is shown in bars. Error = SEM. Center region in the right graph includes the middle one-third of the cell in the xy plane. (K and L) Dah-positive vesicles localize to furrow MTs (arrows) and central spindle MTs (arrowheads). Arrows and arrowheads correspond to same vesicle in each rotation (L and M). Step size = 150 nm, except I (200 nm). Bars: (A and G--L) 3 μm; (B, C, and M) 2 μm; (D--F) 1 μm.](jcb1810777f04){#fig4}

To quantify the portion of actin puncta localized at the central spindle, puncta localization was scored in a 3-μm-thick section per cell (the approximate depth of the central spindle). The central spindle occupied a relatively small region of the volume examined ([Fig. 4, G and H](#fig4){ref-type="fig"}, boxes), yet about half of the actin puncta are localized at the central spindle (47.5 ± 1.9%; [Fig. 4, H and J](#fig4){ref-type="fig"}). This observation is consistent with 2D imaging that showed an accumulation of actin puncta at the central spindle.

Vesicle and MT colocalization was further examined with the vesicle marker Dah. Similar to actin puncta dynamics, 3D imaging revealed an accumulation of Dah-labeled vesicles in close proximity to furrow MTs ([Fig. 4, K and L](#fig4){ref-type="fig"}, arrows; and Video 4, available at <http://www.jcb.org/cgi/content/full/jcb.200803096/DC1>) and central spindle MT bundles ([Fig. 4, K--M](#fig4){ref-type="fig"}, arrowheads) in both xy and z planes. Quantification of vesicle localization within a 3-μm depth showed that a majority of vesicles (61 ± 2.8%; *n* = 204 vesicles in 18 cells) are closely localized to central spindle MT bundles ([Fig. 4 J](#fig4){ref-type="fig"}). Collectively, these data support the notion that F-actin puncta and Dah-associated vesicles are targeted toward ingressing furrows via central spindle and furrow MTs during cytokinesis.

F-actin puncta are primarily associated with endosome-derived vesicles
----------------------------------------------------------------------

Our observations that actin puncta show a similar localization pattern to vesicle markers during cycle 14 mitosis is consistent with reports of vesicle-associated actin in other systems ([@bib56]; [@bib20]; [@bib55]). We therefore sought to identify if actin puncta are vesicle-associated in cycle 14 cells and to determine what specific vesicle subpopulations actin may be associating. To do so, actin localization was compared with various membrane trafficking components, each specific to a vesicle subpopulation. Rhodamine-actin was injected into a series of embryos, each expressing a unique GFP-tagged membrane marker ([Fig. 5](#fig5){ref-type="fig"}). We then assayed for puncta colocalization, designating puncta that moved in unison over at least two time points (≤ 6.5 s) as "colocalized" ([Fig. 5](#fig5){ref-type="fig"}, arrowheads; *n* \> 125 actin puncta for each assay). Actin puncta were highly associated with Rab7-marked late endosomes (90% colocalization; [Fig. 5](#fig5){ref-type="fig"}, arrowheads) as well as with Dah- and Syt-marked vesicles (75.5 and 59.9% colocalization, respectively). A moderate portion of actin puncta associated with Rab5-marked early endosomes (52%). In contrast, actin puncta were not found to associate with Grasp65-GFP--marked Golgi (7.1%) or clathrin light chain--labeled puncta (6.8%). Collectively, these results indicate that cytoplasmic actin transport involves an endosome-derived vesicle-based mechanism, rather than a Golgi-based secretory pathway.

![**Live imaging shows that actin puncta associate with vesicles and endosomes.** Rhodamine-actin (red) was injected into embryos expressing a distinct GFP fusion protein (green; specified in left column). Puncta was scored as colocalized if two puncta moved in unison over a minimum of two consecutive time points (arrowheads). Time points (s) are indicated at the top right of panel. Percentage of colocalization is shown in the right column. (A--F) Live series shows that actin puncta colocalize with Rab7-GFP--labeled late endosomes (A), Dah-GFP--labeled vesicles (B), Syt-GFP--labeled vesicles (C), and Rab5-GFP--labeled early endosomes (D). Actin puncta did not show considerable colocalization with Grasp65-GFP--labeled Golgi (E) or Clathrin light chain--GFP--labeled membrane (F). Insets in C depict single channels for actin (left) and Syt-GFP (right). Error = SEM. Bar, 5 μm](jcb1810777f05){#fig5}

Pbl is necessary for vesicle and actin recruitment to the cell equator
----------------------------------------------------------------------

In genetic screens designed to identify genes involved in cytokinesis and vesicle recruitment to the furrow (unpublished data), we found vesicle and actin transport defects in Rho-specific guanine nucleotide exchange factor *pbl* mutants. Wild-type (WT) embryos show crisp Syt-GFP localization at the cell cortex and vesicles. In contrast, zygotic *pbl*^5^ mutants showed weak and diffuse Syt-GFP at the cell cortex and cytoplasm ([Fig. 6, A--C](#fig6){ref-type="fig"}; and Videos 5, 6, and 7, available at <http://www.jcb.org/cgi/content/full/jcb.200803096/DC1>), which is indicative of defects in vesicle transport. In particular, very few Pbl-deficient cells showed Syt-GFP--positive vesicle accumulation at the cell equator (9% \[*n* = 24\] in *pbl*^5^ vs. 100% \[*n* = 30\] in WT), and furrows lacked vesicle enrichment, even in cells with full furrow elongation ([Fig. 6 C](#fig6){ref-type="fig"} and Video 7). We also examined actin localization in *pbl*^5^ embryos. During early telophase in WT embryos, actin was uniform cortical and associated with robust puncta. At late telophase actin became strongly enriched at furrows ([Fig. 6 D](#fig6){ref-type="fig"} and Video 5). In *pbl*^5^ embryos, actin was diffusely localized at the cell cortex and puncta ([Fig. 6, E and F](#fig6){ref-type="fig"}). During telophase, *pbl*^5^ showed reduced actin puncta localization to the cell equator, particularly in cells that are unable to furrow ([Fig. 6, E and F](#fig6){ref-type="fig"}; and Videos 6 and 7). Collectively, these data indicate that Pbl function is important for proper vesicle and actin puncta recruitment to the cell equator during telophase.

![***pbl* embryos have defects in vesicle transport.** Markers are indicated on the left. Genotypes are indicated on the right. All panels show live images. (A--F) Actin and Syt-GFP vesicles strongly localize to furrows during cytokinesis in WT (A and D). *pbl*^5^ embryos fail to localize Syt-GFP vesicles to the cell equator in cells with severe furrowing defects (B) and cells with weak furrowing defects (C). *pbl*^5^ embryos show weak actin recruitment to the cell equator (E and F). The furthest extent of furrow elongation is shown in B′, C′, E′, and F′. For full videos, see Videos 5, 6, and 7, available at <http://www.jcb.org/cgi/content/full/jcb.200803096/DC1>. Bars, 5 μm.](jcb1810777f06){#fig6}

Pbl is necessary for proper furrow MT formation
-----------------------------------------------

It has previously been reported that Pbl function is necessary for central spindle integrity ([@bib52]). Because we observed actin puncta colocalized with the central spindle in WT embryos, we took advantage of *pbl* mutants to investigate whether actin puncta recruitment is dependent on the central spindle (see next section). These assays revealed an unexpected role for Pbl in the formation of furrow MTs during very early cytokinesis. In this paper, we compare furrow MT dynamics in WT ([Fig. 7, A--F](#fig7){ref-type="fig"}) and *pbl^2^* embryos ([Fig. 7, G--L](#fig7){ref-type="fig"}), relative to cell cycle progression and furrow elongation ([Fig. 7, A′--L′ and M](#fig7){ref-type="fig"}).

![***pbl* mutants have defects in furrow MT and central spindle organization.** All panels show fixed embryos. green, α-tubulin and slight γ-tubulin; red, PH3 and Scribble (for all stains except R \[green, Pbl; blue, α-tubulin\]). (A--L) WT (A--F) and *pbl^2^* (G--L) from cycle 14 metaphase (A and G) through cycle 15 interphase (F and L). (A′--L′) Merged images correspond to A--L. (M) Percentage of normal (+++), weak (++), and severely disrupted (+) spindles at various stages in WT and *pbl^2^*. Metaphase, *n* = 46 (WT) and 43 (*pbl^2^*); anaphase, *n* = 32 (WT) and 36 (*pbl^2^*); early telophase, *n* = 28 (WT) and 27(*pbl^2^*); late telophase, *n* = 27 (WT) and 24 (*pbl^2^*); and scission, *n* = 53 (WT) and 42 (*pbl^2^*). (N) Some Pbl-deficient cells form weak furrows that complete invagination (arrow) but fail to maintain the central spindle. (O and P) Magnification of equatorial region in WT (O and O′) and *pbl*^2^ (P) cells. O′ and P were taken from C′ and I′, respectively. Furrow and MT structures are labeled in O. Arrowheads and brackets mark the cleavage plane and central spindle, respectively, in O′ and P. *pbl*^2^ embryos lack furrow MTs and show a weak central spindle (P). (Q) Percentage of normal (+++), weak (++), and severely disrupted (+) furrow MTs during early telophase in WT and *pbl*^2^. *n* = 41 (WT) and 33 (*pbl*^2^). (R) Pbl shows punctate localization where furrow MTs contact the leading furrow edge (arrows). Bars, 4 μm. Error = SEM among embryos.](jcb1810777f07){#fig7}

In WT embryos, the metaphase spindle ([Fig. 7 A](#fig7){ref-type="fig"}) is reorganized to form midzone MTs at anaphase ([Fig. 7 B](#fig7){ref-type="fig"}), which condense into a tightly packed central spindle during telophase ([Fig. 7, C and D](#fig7){ref-type="fig"}). The central spindle is maintained after the completion of furrow invagination ([Fig. 7 E](#fig7){ref-type="fig"}), leading to daughter cells with a single nucleus ([Fig. 7 F](#fig7){ref-type="fig"}). A distinct intensely staining MT bundle is also visible perpendicular to the furrow during early telophase ([Fig. 7, O and O′](#fig7){ref-type="fig"}). The midpoint of these furrow MTs contacts the leading edge of the furrow and remains in front of the furrow throughout invagination ([Fig. 7, O and O′](#fig7){ref-type="fig"}, arrowheads). Furrow MTs appear to be connected to the central spindle through several thin MT bundles ([Fig. 7 O](#fig7){ref-type="fig"}, arrows). During late telophase, furrow MTs integrate with the central spindle ([Fig. 7 D](#fig7){ref-type="fig"}), forming a massive collection of MTs.

Consistent with previous reports of ECT2/Pbl ([@bib30]; [@bib39]; [@bib52]; [@bib66]; [@bib14]; [@bib43]), zygotic-null *pbl* mutants failed furrow invagination, showed disrupted central spindle integrity, and accumulated binucleate cells ([Fig. 7, K′ and L′](#fig7){ref-type="fig"}). In addition, we observed early furrow MT defects not previously described for *pbl* mutations. Mitotic stages in *pbl^2^* embryos can be easily identified because chromosome segregation during anaphase is normal and cells exhibit typical telophase nuclei in which chromosomes fully decondense ([Fig. 7, H′--K′](#fig7){ref-type="fig"}). During telophase, *pbl^2^* embryos differed substantially from the WT ([Fig. 7, C′--E′](#fig7){ref-type="fig"}) in that they lacked organized furrow MT bundles and failed central spindle maintenance. Compared with the WT, *pbl^2^* embryos showed weak central spindle formation at early telophase (17.9 \[WT\] vs. 44.4% \[*pbl^2^*\]; [Fig. 7, I, M, and P](#fig7){ref-type="fig"}), had a severe loss of central spindle maintenance by late telophase (0 \[WT\] vs. 66.7% \[*pbl^2^*\]; [Fig. 7, J and M](#fig7){ref-type="fig"}), and lacked a central spindle at the end of telophase (0 \[WT\] vs. 100% \[*pbl^2^*\]; [Fig. 7, K and M](#fig7){ref-type="fig"}). Furthermore, *pbl^2^* embryos either lacked or showed poorly formed furrow MTs at early telophase ([Fig. 7](#fig7){ref-type="fig"}, compare O to P, arrowheads, and Q, quantification). The onset of furrow MT defects preceded that of central spindle defects ([Fig. 7](#fig7){ref-type="fig"}, compare early telophase in M to Q). We note that a small minority of cells in *pbl*^2^ embryos were able to form weak furrows that fully invaginated yet had a completely disorganized central spindle ([Fig. 7 N](#fig7){ref-type="fig"}).

This data suggest that Pbl is required for normal furrow MT formation and maintenance. Significantly, [@bib52] describe punctate Pbl localization at the leading furrow edge (in addition to nuclear Pbl). A very similar Pbl localization pattern of nuclear and punctate staining was evident in cycle 14 cells ([Fig. 7 R](#fig7){ref-type="fig"}). Simultaneous labeling of the cell cortex (anti-Scribble) and the mitotic spindle (anti--α-tubulin) revealed Pbl puncta at the contact point between furrow MTs and the leading furrow edge ([Fig. 7 R](#fig7){ref-type="fig"}, arrows). Specifically, Pbl showed clear association with furrow MTs (e.g., [Fig. 7 R](#fig7){ref-type="fig"}, right arrow). Collectively, the Pbl protein distribution and the *pbl* spindle phenotype suggest that, in addition to its known role in maintaining the central spindle, Pbl plays a role in furrow MT formation and maintenance.

Furrow MT and central spindle maintenance is an important factor in actin delivery to the cleavage plane
--------------------------------------------------------------------------------------------------------

Given the observations of furrow MT and central spindle defects in fixed *pbl* embryos ([Fig. 7](#fig7){ref-type="fig"}), we further examined MT dynamics in living *pbl* embryos, with particular focus on furrow MT, central spindle maintenance, and actin puncta localization. In WT cells at early telophase, furrow MTs form ([Fig. 4](#fig4){ref-type="fig"}, arrows) and midzone MTs condense to form the central spindle ([Fig. 8 A](#fig8){ref-type="fig"}, bracket; and Video 8, available at <http://www.jcb.org/cgi/content/full/jcb.200803096/DC1>), which is maintained throughout cytokinesis. In contrast, *pbl*^5^ embryos formed midzone MTs at anaphase but failed to form furrow MTs or maintain a stable central spindle ([Fig. 8 B](#fig8){ref-type="fig"} and Video 9). Collectively with the fixed tissue analysis, these data indicate that Pbl-deficient embryos have defects in furrow MT formation, central spindle maintenance, and targeting of vesicles and actin.

![***pbl* embryos show defects in central spindle maintenance, furrow ingression, and vesicle transport.** Genotypes are indicated on the right. All images show live embryos. Fluorescent α-tubulin was injected at cellularization. (A) Central spindle and furrow MT formation in WT. Bracket, central spindle; arrows, furrow MTs. (B) Mitotic cells in *pbl*^5^ mutants show midzone MTs but lack furrow MTs and a stable central spindle. (C) *pbl*^5^ phenotype ranges from cells that lack a central spindle to cells with a strong central spindle. Central spindle severity (left) correlates with defects in furrow invagination (middle) and actin puncta mislocalization (right). *n* is shown in parenthesis. For full videos, see Videos 8 and 9, available at <http://www.jcb.org/cgi/content/full/jcb.200803096/DC1>. Bars, 5 μm.](jcb1810777f08){#fig8}

Although Pbl is zygotically required for the onset of cytokinesis, the hypomorphic *pbl*^5^ allele produces a range of cytokinesis defects, from cells that fail to initiate furrows to cells with fully invaginated furrows that subsequently regress. We therefore examined *pbl*^5^ embryos for correlations between central spindle formation, furrow invagination, and actin puncta delivery. During mitotic cycle 14 in *pbl*^5^ embryos, a majority of cells lacked a stable central spindle and showed incomplete furrowing (71 and 71%, respectively; *n* = 24; [Fig. 8 C](#fig8){ref-type="fig"}). Cells that lacked a central spindle had severe actin puncta localization defects ([Fig. 8 C](#fig8){ref-type="fig"}). Overall, the appearance of the central spindle in *pbl*^5^ embryos ranged from normal to a complete loss of spindle. Actin puncta delivery to the cell equator was correlated to central spindle function: as central spindle organization progressively worsened, actin puncta targeting was further weakened. These observations reveal coordination between central spindle function, furrow ingression, and actin-positive vesicle recruitment. Membrane addition associated with cell size expansion at prophase was normal in *pbl^5^* embryos (Fig. S2, available at <http://www.jcb.org/cgi/content/full/jcb.200803096/DC1>), indicating that the membrane trafficking phenotype in *pbl*^5^ is not caused by general secretion defects. Collectively, these data indicate that central spindle and furrow MT maintenance is an important factor in actin puncta delivery to the cleavage plane and implicate Pbl in membrane trafficking during cytokinesis.

Distinct role of Pbl in production of F-actin puncta and vesicles
-----------------------------------------------------------------

In addition to Pbl involvement in furrow MT formation and vesicle targeting, we also find that Pbl function influences the number of vesicles in the cell. Live imaging revealed that a portion of *pbl* mutant cells had a central spindle that appeared normal yet showed reduced actin enrichment at the cell equator ([Fig. 8 C](#fig8){ref-type="fig"}). Actin puncta localization and quantity were quantified in *pbl^2^* mutants to further investigate the role of Pbl in actin puncta targeting and production ([Fig. 4 J](#fig4){ref-type="fig"}). Actin puncta distribution, relative to the central spindle, was scored in a 3-μm-thick section per cell. In both WT and *pbl* mutant cells with normal central spindles, about half the actin puncta localized to central spindle MTs ([Fig. 4 J](#fig4){ref-type="fig"}, 47.5 ± 1.9 and 42.5 ± 6.2%, respectively) and half localized to cytoplasmic regions outside of the central spindle. However, *pbl* mutant cells with normal central spindles had a greater than twofold reduction in total number of actin puncta scored per cell ([Fig. 4 J](#fig4){ref-type="fig"}, 13.3 ± 1.6 \[WT\] vs. 5.1 ± 0.59\[*pbl*\]). These data indicate that *pbl* mutant cells with normal central spindles maintain vesicle targeting yet have defects in the production and/or maintenance of actin puncta.

Reduced actin puncta in *pbl* mutant cells led us to ask whether the vesicles that normally associate with the actin puncta are also reduced. To address this issue, localization and quantity of Dah-positive vesicles were assayed. In both WT and *pbl* mutant cells with normal central spindles, about two-thirds of Dah-positive vesicles localized to central spindle MT bundles (60.9 ± 1.3 and 57.6 ± 2.3%, respectively; [Fig. 4 J](#fig4){ref-type="fig"}). However, *pbl* mutant cells with normal central spindles have about a twofold reduction in the total number Dah-labeled vesicles scored per cell ([Fig. 4 J](#fig4){ref-type="fig"}, 11.3 ± 0.48 \[WT\]; 5.3 ± 0.37\[*pbl*\]). Collectively, these data suggest a previously unsuspected role for Pbl in promoting actin puncta and vesicle production.

We next examined if loss of vesicle targeting was due the absence of a central spindle rather than a major reduction in the number of cytoplasmic vesicles. *pbl* mutant cells lacking central spindles showed a random cytoplasmic distribution for both actin- and Dah-positive vesicles ([Fig. 4 J](#fig4){ref-type="fig"}, right graph). Yet, the overall quantity of vesicles was similar among cells, regardless of whether a central spindle was present or absent ([Fig. 4 J](#fig4){ref-type="fig"}, 5.1 ± 0.59 and 4.7 ± 0.69 \[actin\]; 5.3 ± 0.37 and 5.6 ± 0.50 \[Dah\], respectively). Collectively, these data illustrate that the quantity of vesicles is reduced in all *pbl* mutant cells, but only cells with a central spindle retain the ability to target vesicles to the cell equator.

Discussion
==========

Vesicle recruitment to invaginating furrows
-------------------------------------------

Although it is well established that furrow invagination in animal cytokinesis involves vesicle-mediated membrane addition ([@bib64]; [@bib3]; [@bib45]), little is known about the mechanisms by which vesicles are recruited and targeted to the furrows. Our studies suggest that both recruitment and targeting rely on transport of vesicles along the central spindle and furrow MTs to the leading edge of the cytokinesis furrow.

This pattern of vesicle transport is not specific to cycle 14 mitotic divisions immediately after cellularization in *D. melanogaster*. We observed vesicle accumulation at the cell equator and subsequent enrichment at furrows in several tissue types and developmental stages, including undifferentiated cells in early embryos as well as epithelia and neuroblasts in late stage embryos. In addition, live analysis in Zebrafish reveals that vesicles tagged with the V-Snare Vamp-2--GFP are recruited to the cleavage furrow in an MT-dependent manner during cytokinesis ([@bib40]).

Vesicle recruitment during cytokinesis is now thought to be an important source of membrane during furrow invagination ([@bib3]; [@bib45]). Yet, it has long been established that the delivery of secretory vesicles to specific membrane sites is necessary for many other cellular functions, including synapse formation, neurotransmitter exocytosis, and establishment and maintenance of cell polarity (for review see [@bib31]). For example, polarized epithelial cells use vesicles to selectively deliver transmembrane proteins to apical or basolateral target membrane ([@bib24]). These findings raise the possibility that during cytokinesis, vesicles deliver specific proteins required for processes such as contraction, scission, and endocytosis at the furrow. Support for this comes from results indicating that vesicles may deliver cell--cell adhesion components essential for the completion of cytokinesis in Zebrafish ([@bib40]). In this paper, we describe vesicle-mediated delivery of a key contractile ring component, F-actin, to furrows during mid-to-late cytokinesis.

Actin localization to cleavage furrows
--------------------------------------

F-actin concentration at the cleavage furrow may occur through localized polymerization of F-actin or transport of preexisting F-actin to the furrow ([@bib17]). Support for the former mechanism comes from several studies demonstrating that formin-mediated polymerization of unbranched F-actin filaments at the cleavage furrow play a role in contractile ring formation in several systems (for review see [@bib50]).

The second mechanism of concentrating F-actin at the cleavage furrow is through transport and targeting of F-actin to the cleavage furrow. Studies in dividing normal rat kidney (NRK) cells indicate that actin concentration at the cleavage furrow involves a redistribution of cortical actin filaments ([@bib7],[@bib8]). In this system, fluorescently labeled actin filaments showed uniform cortical localization before initiation of cytokinesis. During early cytokinesis stages, labeled actin filaments became depleted from polar regions and highly enriched at the equatorial cell cortex. Actin filament aggregates appeared to move from polar regions to the cell equator, suggesting that cortical flow promotes F-actin redistribution to the furrows in NRK cells.

MTs may also play a role in F-actin recruitment by facilitating the transport of F-actin toward MT plus ends in the region of furrow formation. In *D. melanogaster*, actin filaments have been shown to move toward MT plus ends ([@bib23]), and 21 proteins have been identified that interact with both actin and MTs ([@bib59]). Potential motor proteins include the kinesin-like proteins CHO1 and KLP3A, which localize to the spindle midzone and interact with actin ([@bib59]; [@bib36]). The spindle midzone is also known to effect the distribution of cortical actin. For example, micromanipulations to alter spindle MTs in grasshopper spermatocytes demonstrate that actin filaments continuously redistribute to precisely align with the repositioned central spindle ([@bib4]).

Other work has suggested a vesicle-mediated mode of actin delivery to ingressing furrows. It has been proposed that in early *D. melanogaster* embryos, the delivery of actin to specialized metaphase furrows is linked to the recycling pathway ([@bib56]). In this system, the mammalian Arfophilin-2 homologue Nuf functions in concert with the small GTPase Rab11 to organize RE. Reduced protein levels affect membrane and actin organization at metaphase furrows. Actin showed vesicle association at this stage, leading to speculation that actin recruitment to metaphase furrows is vesicle based. However, the sources of vesicles that associate with actin remain unidentified. In addition, vesicle-based actin delivery to furrows has been thought to be a mechanism specific to the specialized metaphase furrows of the early *D. melanogaster* embryo. This paper directly addresses these issues by demonstrating that conventional cytokinesis involves a mechanism in which endosome-derived vesicles transport actin to ingressing furrows.

This study supports a model in which preformed F-actin is targeted to ingressing furrows yet does not exclude mechanisms involving formin and ARP2/3-mediated de novo actin filament assembly. Our studies are consistent with previous observations that labeled actin filaments associate with vesicles ([@bib56]; [@bib20]; [@bib55]). In this paper, we further show very strong actin association with endosome-derived vesicles and that these actin-positive vesicles are targeted as a unit to furrows via MTs. Cytoplasmic actin puncta accumulate at central spindle and furrow MTs and appear to move along MT bundles, which is important for actin enrichment at the cell equator during cytokinesis. In particular, actin- and Dah-positive vesicles accrue at the contact point between furrow MTs and the leading furrow edge. In contrast to studies with NRK cells, we do not observe a noticeable decrease in actin intensity at polar regions. These observations further support a model in which a considerable amount of cytoplasmic actin filaments are targeted by a vesicle-based mechanism that utilizes furrow MTs and the central spindle for trafficking. Actin enrichment at furrows peaks during mid-to-late cytokinesis stages, suggesting that this mechanism does not primarily provide an early source of actin for contractile ring assembly but rather a late source of actin. This raises the possibility that furrow-associated actin may have essential roles during late cytokinesis, such as scission or endocytosis. Furthermore, strong actin association with endosome-derived vesicles in the vicinity of invaginating furrows suggests that the recycling pathway not only provides a source of new membrane and actin but also couples and targets their delivery to cytokinesis furrows.

The role of the central spindle in actin and vesicle transport
--------------------------------------------------------------

This paper supports a model in which the central spindle plays an important role in coordinating F-actin and vesicle transport with furrow elongation and scission. Various subpopulations of vesicles accumulate and closely localize at central spindle MT bundles. Loss of the central spindle results in dramatic F-actin and vesicle mislocalization. These data suggest that the central spindle may have a direct role in F-actin and vesicle recruitment, such as providing a scaffold for vesicle transport via a molecular motor.

Support for this model comes from studies showing that molecular motors use the central spindle as a substrate for vesicle transport. Several kinesin-related proteins, including CHO1/MKLP, KLP3A, Rab6-KIFL, and MPP1, localize to the midzone where they promote central spindle formation and stability ([@bib71]; [@bib27]; [@bib33]; [@bib29]; [@bib42]; [@bib1]). RNAi inhibition against mammalian CHO1/MKLP and MPP1, as well as the *C. elegans* CHO1/MKLP homologue Zen4, causes ingressing furrows to regress, indicating that these proteins are important late in cytokinesis ([@bib51]; [@bib54]; [@bib42]; [@bib1]). Consistent with a late role in cytokinesis, we find vesicle and actin puncta associating with MT structures during mid-to-late cytokinesis, with the strongest enrichment at late cytokinesis.

In mammalian NRK cells, the kinesin II subunit KIF3B colocalizes with syntaxin-containing vesicles to the central spindle during telophase ([@bib19]). Expression of the dominant-negative tail of KIF3B results in a reduction of syntaxin at the central spindle and also causes cytokinesis defects. KIF3B physically interacts with the spectrin Syne-1 and targets Syne-1 to the central spindle, and reduced Syne-1 function has an identical phenotype to KIF3B. Because spectrins interact with membranes, one hypothesis is that spectrins link vesicles to kinesins, which transport the vesicles along the central spindle, facilitating vesicle fusion with each other and the advancing furrow ([@bib19]).

A specialized MT population, furrow MTs, promotes F-actin and vesicle addition at ingressing furrows
----------------------------------------------------------------------------------------------------

In addition to the central spindle, a specialized population of furrow MTs that promote cytokinesis has been described in *Xenopus laevis*, Sea Urchin, and Zebrafish blastomeres ([@bib12]; [@bib34]; [@bib38]). In these systems, furrow MTs are derived from midzone MTs, localize to deepening furrows, and orient perpendicular to furrows. Furrow MTs have been hypothesized to play a role in promoting membrane addition to furrows during cell division by directing vesicles to the cytoplasmic bridge ([@bib12]; [@bib34]; [@bib38]). Despite the presence of a normal central spindle, Zebrafish *nebel* mutants showed reduced furrow MTs and reduced membrane deposition at the furrow ([@bib49]). In a reciprocal scenario, *D. melanogaster* embryos expressing a stable cyclin B3 lacked a central spindle but showed MT structures that resembled furrow MTs and were able to form ingressing furrows ([@bib48]). Collectively, these reports suggest that furrow MTs are distinct from the central spindle and are important for furrow ingression.

In this paper, we propose that furrow MTs promote F-actin and vesicle recruitment to ingressing furrows during cytokinesis in *D. melanogaster* embryos. Live and fixed imaging show that Dah- and F-actin--associated vesicles concentrate near and move adjacent to furrow MTs. Both 2D and 3D imaging reveal F-actin-- and Dah-positive vesicles in close proximity to where furrow MTs intersect with the leading furrow edge and appear to incorporate into the invaginating furrow. In addition, the loss of furrow MTs and the central spindle in *pbl* mutants causes a dramatic mislocalization of all vesicle subpopulations examined. These data support a model in which F-actin and vesicles are delivered as a unit toward ingressing furrows via central spindle and furrow MTs.

Role for Pbl in furrow MT formation and maintenance
---------------------------------------------------

Pbl-mediated RhoA signaling at the putative cleavage furrow site plays a key role in contractile ring assembly and subsequent contraction (for review see [@bib50]). Depletion of Pbl causes furrowing defects and loss of the central spindle ([@bib52]). In addition to these defects, we show in both fixed and living embryos that reduced Pbl function causes early defects in furrow MT formation during mitosis. One explanation for this result is based on the mutual dependence between the contractile ring and central spindle formation. Previous functional studies have shown that obstructing contractile ring assembly and function can reduce central spindle stability ([@bib9]; [@bib27]; [@bib26]; [@bib63]). In particular, removing Pbl function by RNAi in S2 cells ([@bib63]) or *pbl* alleles in spermatocytes ([@bib28]) causes a loss of the central spindle. Therefore, it may be that this mutual dependence extends to the furrow MTs and, thus, that the loss of Pbl function causes a primary defect in contractile ring formation, which results in a secondary defect in furrow MT organization. However, several of our observations suggest a primary role for Pbl in regulating MT organization. First, a small minority of Pbl-deficient cells formed weak furrows that completed ingression but lacked recognizable furrow MTs. Therefore, in spite of having a contractile ring that is functional enough to promote furrow ingression, these cells have severely disorganized furrow MT bundles, suggesting that Pbl plays a role in organizing these MT structures. Second, Pbl protein colocalized with furrow MTs at the contact point with the leading furrow edge. Third, the *pbl* spindle phenotype does not appear to be simply caused by failed MT maintenance during a prolonged telophase because furrow MT formation is abnormal during early telophase. In particular, one third of *pbl* deficient cells lacked furrow MTs during furrow initiation.

Our results support a model in which components at the leading furrow edge interact with furrow MTs. Furrow MTs would provide the cleavage furrow with structural support as well as a source of vesicle-derived membrane and proteins. The leading edge of the furrow could provide a docking site for vesicle fusion. Contact between the central spindle and furrow MTs may be linked by thin bundles of MTs that appear to connect the two structures. In support of this view, furrow MT defects in *pbl* embryos precede central spindle defects, suggesting that furrow MTs are a distinct MT population and their stability influences central spindle stability.

Furrow-associated components, such as Pbl, could provide cues stimulating furrow MT formation and maintenance. For example, Pbl has been shown to physically interact with RacGAP50c, a protein with MT bundling activity that localizes to cortical MTs adjacent to the future cleavage site during anaphase ([@bib62]; [@bib73]). Alternatively, Pbl may affect MT stability through Rho signaling. Rho family members are well known for their role in F-actin remodeling and accumulating evidence indicates a role for Rho and formins in regulating MT dynamics ([@bib70]; [@bib44]). In particular, RhoA can promote selective MT stabilization in NIH3T3 cells ([@bib10]). Furthermore, several studies in mouse fibroblasts and mammalian cell culture suggest that RhoA influences MT organization through its downstream target, the formin Diaphanous ([@bib67]; [@bib32]; [@bib35]; [@bib46], [@bib47]; [@bib25]). In this paper, we find that the guanine nucleotide exchange factor for RhoA, Pbl, colocalizes with furrow MTs, which is consistent with the idea that spindle MT defects observed in *pbl* embryos are caused by a loss of signaling to downstream effectors such as RhoA and Diaphanous.

Role of Rho signaling in actin and vesicle production and maintenance
---------------------------------------------------------------------

Somewhat surprisingly, *pbl* mutant cells have a reduction in the number of actin- and Dah-positive vesicles, revealing *pbl* defects in vesicle production and/or maintenance. One explanation is that vesicle production and/or maintenance is highly sensitive to even subtle abnormalities in furrow composition, central spindle, or furrow MT organization. Alternatively, these data may reveal a new role for Pbl in coordinating vesicle-associated actin dynamics and vesicle traffic during cytokinesis. These findings are in accord with studies in other systems indicating that Pbl could influence vesicle dynamics through its downstream target RhoA and Dia ([@bib37]; [@bib53]; [@bib20]; [@bib55]).

Materials and methods
=====================

*D. melanogaster* stocks
------------------------

The following stocks were obtained from the Bloomington Stock Center: Syt-GFP, n-Syb-GFP, RhoA-GFP, Rab7-GFP, Rab5-GFP, Grasp65-GFP, Clc-GFP, *pbl*^2^, and *pbl*^5^. Each stock is described in the Flybase database (<http://flybase.bio.indiana.edu/>). *pbl*^2^ and *pbl*^5^ are listed as null and hypomorphic alleles, respectively. The following are also included in this study: Dlg-GFP (C. Doe, University of Oregon, Eugene, OR), Tubulin-GFP (T.C. Kaufman, Indiana University, Bloomington, IN), Dah-GFP (T. Hsieh, Duke University Medical Center, Durham, NC), and Maternal-Gal4 V32 (D. St Johnston, Gurdon Institute, Cambridge, UK). Oregon R served as the WT control stock. All stocks were raised at 25° on standard maize meal/molasses media.

Genetics
--------

The following UAS transgenes were expressed using maternal-Gal4 V32 (provided by S. Cambell, University of Alberta, Alberta, Canada): Syt-, Dlg-, n-Syb-, Rab7-, Rab5-, Grasp65-, and Clc-GFP. Dah-GFP and RhoA-GFP were expressed from their normal promoter. Syt-GFP expression in a *pbl*^5^ mutant background involved the following genetics: UAS-Syt-GFP was recombined onto a second chromosome, containing mat-Gal4, using standard genetics. UAS-Syt-GFP, mat-Gal4/UAS-Syt-GFP, mat-Gal4; Dr/TM3,ser flies were generated and crossed to *pbl*^5^/TM3,sb. UAS-Syt-GFP, mat-Gal4/+; *pbl*^5^/TM3,ser were selected and self-crossed. Homozygous *pbl*^5^ mutant embryos were selected by the occurrence of cleavage furrow regression and multinucleate cells.

Fixation and immunofluorescence
-------------------------------

Embryos were collected and fixed using standard methods ([@bib65]). Pebble stains involved methanol + 6% formaldehyde fix for 20 min. Scribble, α-tubulin, and phosphohistone H3 triple stains used 9% fix. Actin was stained with fluorescently labeled Alexa Fluor 488--conjugated phalloidin (Invitrogen) with a methanol-free formaldehyde fix on hand-devitellinized embryos as described in [@bib57]. The primary antibodies used include polyclonal rabbit anti-Scribble (1:2,500; [@bib2]), monoclonal mouse anti--α-tubulin (1:200; Sigma-Aldrich), polyclonal rat anti-Pebble (1:1,000; H. Bellen, Baylor College of Medicine, Houston, TX), monoclonal mouse anti--γ-tubulin (1:400; Sigma-Aldrich), and rabbit anti-phosphohistone H3 (1:1,000; Millipore). The secondary antibodies Cy5--conjugated goat anti--rabbit IgG and Alexa Fluor 594--conjugated goat anti--mouse IgG (Invitrogen) were used at 1:400. Antibodies were applied and embryos mounted as previously described ([@bib65]).

Live embryo analysis
--------------------

Embryos were prepared for microinjection and time-lapse scanning confocal microscopy as previously described ([@bib68]). Reagents, including rhodamine-conjugated tubulin (Invitrogen), FM1-43 dye (Invitrogen), fluorescein-conjugated tubulin (Cytoskeleton, Inc.), and rhodamine nonmuscle actin (Cytoskeleton, Inc.), were injected at 30% egg length during mid cellularization.

Microscopy
----------

Microscopy was performed at room temperature using an inverted photoscope (DMIRB; Leitz) equipped with a scanning laser confocal imaging system (TCS NT; Leica). Images were acquired with a 63× lens and confocal software (V2.61; Leica). Confocal images were processed with ImageJ (National Institutes of Health) for whole-image brightness and contrast, and figures were assembled in Photoshop (v9.0; Adobe). Videos were made from datasets containing a single image in the z axis that were collected over time (time intervals specified in figures) and converted into an uncompressed AVI video. 3D imaging in live embryos was conducted on a spinning disc--equipped microscope (Eclipse TE200-E; Nikon). 3D reconstructions were performed on Velocity 4 software (Improvision). Videos were trimmed and cropped in ImageReady (v9.0; Adobe) and converted to QuickTime videos (Apple) using PNG lossless compression.

Vesicle localization quantifications
------------------------------------

Dah-GFP and actin-positive vesicle localization was scored relative to the central spindle in a 3-μm-thick section per cell, which included the depth of the central spindle ([Fig. 4](#fig4){ref-type="fig"}). In *pbl* mutant cells that lacked a central spindle, vesicles were scored in the xy plane by their appearance in either the middle third of the cell or in the outer two-thirds of the cell. A 3-μm-thick z section at cell center depth was scored. Designation of cell center in the z plane ([Figs. 2](#fig2){ref-type="fig"} and [Figs.4](#fig4){ref-type="fig"}) was based on the maximum circumference of the cell cortex and nuclei. Designation of the middle one-third region in the xy plane was based on the position of nuclei.

Online supplemental material
----------------------------

Fig. S1 shows that Syt-GFP marks vesicular structures in various cell types and at various developmental time points. Fig. S2 shows plasma membrane expansion during cycle 14 in living WT and *pbl* embryos. Video 1 shows that Syt-GFP tagged vesicles are targeted to cleavage furrows during cytokinesis. Video 2 shows that actin puncta are targeted to ingressing cleavage furrows in WT embryos. Video 3 shows 3D imaging of α-tubulin and actin dynamics in WT embryo. Video 4 shows 3D imaging of α-tubulin and Dah dynamics in WT embryo. Video 5 shows actin and vesicle recruitment to ingressing furrows in WT embryo. Video 6 shows actin and vesicle recruitment to ingressing furrows in Pbl-deficient cell with strong furrowing defect. Video 7 shows actin and vesicle recruitment to ingressing furrows in Pbl-deficient cell with weak furrowing defect. Video 8 shows mitotic spindle dynamics in WT embryo. Video 9 shows mitotic spindle dynamics in *pbl* embryo. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.200803096/DC1>.
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